Femtosecond three-pulse two-color photon echo and population grating ͑PG͒ techniques have been used to characterize CdTe quantum dots ͑QDs͒ grown on ZnSe by molecular beam epitaxy. The time evolution of the PG signal exhibits a fast decay ͑2.5-3 ps͒, which is attributed to migration and tunneling of photoexcited carriers to neighboring QDs, followed by a slow decay ͑ϳ20 ps for small dots and Ͼ100 ps for large dots͒, which is ascribed to the lifetime of excitons in the quantum dots. The three-pulse photon echo intensity versus population time can be used to deduce values for the homogeneous broadening (⌫ h ϭ0.8-1.2 meV) and the exciton binding energy ͑ϳ13 meV͒. A weak dependence of these quantities on the detection wavelength is associated with a difference in dot sizes, which alters the coupling between the exciton and the acoustic phonons. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1505111͔ Semiconductor quantum dots ͑QDs͒ in which the dots size is comparable to the exciton radii have unique electronic properties due to the three-dimensional confinement effect. Since QDs are expected to provide a large optical nonlinearity a number of nonlinear optical experiments such as fourwave mixing and photon echo have been performed.
Semiconductor quantum dots ͑QDs͒ in which the dots size is comparable to the exciton radii have unique electronic properties due to the three-dimensional confinement effect. Since QDs are expected to provide a large optical nonlinearity a number of nonlinear optical experiments such as fourwave mixing and photon echo have been performed. [1] [2] [3] [4] [5] Photon echo measurements have often been used as a tool to determine optical dephasing rates in atomic systems. This method has also been applied to semiconductors for which information about the different carrier relaxation processes has been deduced. 6, 7 The dynamics of optically excited QDs are characterized by the relaxation of the induced optical polarization as a dephasing time T 2 and the decay of the population as a population relaxation time T 1 . Dephasing, which is a well-established phenomenon in atomic systems, remains to be investigated in detail in quantum dots due to the difficulty in separating the dephasing and population relaxation contributions. Studies of dephasing processes in lower-dimensional semiconductors will deepen our understanding of the relaxation and dephasing of excited carriers in such systems.
Recently, there has been increasing interest in the growth and optical properties of high lattice-mismatched semiconductor systems. The interest in these heterostructures stems from the possibility of spontaneous formation of selfassembled quantum dots. The fabrication of CdSe and CdTe quantum dots on a ZnSe buffer layer by molecular beam epitaxy ͑MBE͒ has been reported. 8, 9 The lattice mismatch between CdSe and ZnSe is about 7%, which is similar to that of InAs and GaAs. Thus, the quantum dot formation mechanism has been reported to be the Stranski-Krastanov mode. 8, 9 The lattice mismatch between CdTe and ZnSe is as large as 14.4%, which leads to a different dot formation mechanism such as the Volmer-Weber mode. 9 The different dot formation mechanisms can give rise to some interesting optical properties. In this letter we report studies of the optical properties of CdTe quantum dots grown on ZnSe by MBE. Using spectrally resolved three-pulse two-color photon echo ͑PE͒ and population grating ͑PG͒ measurements we investigate dephasing and population relaxation processes in these quantum dots.
The CdTe quantum dots were grown by the alternate supply method. A 600 nm ZnSe buffer layer was grown on GaAs substrates. After growth of a Zn-terminated ZnSe buffer layer, Te and Cd beams were alternately applied ͑Te beam first͒ at intervals. The supply cycles of Te and Cd beams were 1.5 cycles ͑for sample s1͒, 3.5 cycles ͑sample s2͒, and 4.5 cycles ͑sample s3͒. All samples were terminated by a 50 nm ZnSe capping layer.
The time-integrated ͑cw͒ photoluminescence ͑PL͒ apparatus consisted of a 0.27 m grating spectrometer equipped with a Peltier-cooled charge coupled device camera. The sample was mounted in a closed-cycle helium cryostat with a variable temperature ranging from 10 to 300 K. The QD layer was excited directly by the 488 nm line from an Ar ϩ laser.
In the PE experiment, three ultrashort pulses were used, two pump pulses with the same wavelength and wave vectors k 1 and k 2 and a probe pulse with wave vector k 3 . The first pulse excites the QDs to create electrons and holes. After time t 12 the second pulse interacts with the freely evolving system, resulting in a phase and population distribution ͑like a grating͒ of electrons and holes or excitons that depends on the position of the carriers in the energy manifold. This phase and population grating in frequency space gives rise to a frequency-modulated transmission spectrum of the sample. The spacing of the grating is inversely proportional to the time separation (t 12 ) of pulses k 1 . Dephasing and population relaxation washes out the grating during the population time t 23 which can vary typically from subpicoseconds to milliseconds when the excited-state population is stored in a longlived state. In the special case of coincident pump pulses (t 12 ϭ0) the measurement becomes a population grating experiment. This grating is destroyed by population relaxation and spatial diffusion processes. The ultrafast pulses are generated by the conversion of a 1 mJ amplified pulse ͑80 fs, 800 nm, 1 kHz͒ in two independently tunable optical parametric amplifiers ͑OPA͒. The output of one OPA is split into two beams, which act as the pump pulses ͑k 1 and k 2 ͒, and the output of the second OPA acts as the probe pulse (k 3 ). The central wavelengths for the pump and probe pulses are 514 and 530 nm ͓with a full width at half maximum ͑FWHM͒ of about 15 nm corresponding to 80 meV͔, respectively, for the strongest observed PE signals. The energy density of the pump pulse was about 150 J cm Ϫ2 and about 5-10 electron and hole pairs could be created per dot. The PE or PG signal is reflected from the sample in the phase-matched direction k 4 ϭk 3 ϩk 2 Ϫk 1 and analyzed with a 0.25 m monochromator, which has a spectral bandwidth ͑1 nm͒ much less than the widths of the PG and PE spectra. The photon echo intensity profiles are measured at different fixed population times t 23 by scanning the coherence time t 12 . The intensity of the diffraction signals in the PG experiment is measured at t 12 ϭ0 and with different population times t 23 . The PE and PG experiments were performed at room temperature ͑300 K͒. Figure 1 shows the time-integrated photoluminescence spectrum from three CdTe quantum dot samples. Because increasing the supply cycles leads to an increase in dot size, the peak wavelength increases slightly from 519 nm ͑for s1͒ to 530 nm ͑s2͒ to 542 nm ͑s3͒. No large changes in the intensity or FWHM of the PL emission line were observed at low temperature ͑10 K͒. The slightly narrower PL emission line for s3 ͑FWHM 150 meV͒ indicates a smaller fluctuation in dot size than for s1 ͑FWHM 192 meV͒. The FWHM of the PL line was almost constant over a wide range of temperatures ͑10-200 K͒ for all samples which suggests the PL signals originate from QDs with a delta-function density of states. The microphotoluminescence of these samples show several broad peaks indicating a high dot density. 10 The sample with the smallest FWHM and most symmetrical PL spectrum ͑s3͒ shows a good homogeneity of dot size distribution and was chosen for further study using PE and PG measurements. The diffraction signals in the PG study (t 12 ϭ0) are shown in Fig. 2 for three different detection wavelengths. A coherence spike is observed near zero time for all wavelengths. The time for the intensity to reach a maximum is much longer than the pulse duration. The diffraction signal traces were fitted to the three-exponential function
where T r is the rise time, T d1 and T d2 are short and long decay times of the grating, and A 0 , A 1 , A 2 are positive coefficients. The rise time ͑about 2 ps͒ is related to the time for exciton formation and localization in the quantum dots. A single decay time ͑3.5 ps͒ together with a small constant offset is observed for the PG signal at a detection wavelength of 515 nm. Two decay times ͑2.5 and 20 ps͒ are deduced from the trace at 525 nm, and a short decay component ͑3 ps͒ followed by a very long decay component ͑Ͼ100 ps͒ is observed at 535 nm. The short decay component ͑2-3 ps͒ is attributed to migration and tunneling of the exciton to neighboring QDs with an accompanying phonon absorption or emission to compensate for the energy mismatch. 6 This process should be more active in the small dots because the excitons can migrate from small to larger dots rather than in the opposite direction. The migration and tunneling processes occur with high probability in our samples because of the high density of dots. At room temperature both optical and acoustic phonons contribute to the exciton migration process.
The long decay component ͑20 and Ͼ100 ps͒ is related to the lifetime of the exciton. Thermal ionization of the exciton followed by nonradiative recombination at the surface state or localization on larger dots leads to a shorter lifetime of the exciton ͑20 ps͒ in the small QDs. The diffraction signal traces contain some beat frequencies originating from interference between different optical transitions which were overlapped by the broadband emission of the short laser pulse. The beating was present for the duration of the population time. 11 The number of frequencies was dependent on the different transitions ͑e.g., different energy levels of the dots or strain splitting͒ 10 and increases at the high energy part of the detected signal. Explaining such frequencies requires more detailed information about the energy structures of the system. Further investigations are in progress to analyze these effects.
The maximum of the PE profiles ͑the peak intensity͒ versus coherence time t 12 plotted against population time t 23 ͑Fig. 3͒ decays with a strong oscillatory component and with different decay times for three different wavelengths of the PE spectrum. Lindberg et al. 7 have shown in a theoretical prediction that the optical polarization created by the first pulse is independent of the transition energy of the system but the free propagation during the time between the pulses causes energy-dependent phase changes. The intensity of the echo signal, which is proportional to exp(Ϫ2t 23 /T 2 ), can be used to deduce the total dephasing time T 2 .
12,13 It has been shown that the time-integrated PE intensity against t 12 and t 23 curve is asymmetric. 7, 12 To deduce the oscillation periods and the decay times, the experimental traces may be fitted with a combination of an asymmetric profile and a damped sine wave described by
where T 0 is the period of the oscillation, T r is the rise time, T d is the decay time, and T m is the position of the peak intensity. The fit is good especially for the 535 nm trace.
From the fitting parameters we deduce decay times of 125 fs for 515 nm, 1.7 ps for 525 nm, and 2.6 ps for 535 nm. The detection wavelength 515 nm is very close to the excitation wavelength where the density of excited carriers is high and the decay time of the echo signal is very short due to the strong carrier-carrier scattering and excitation-induced dephasing. 14 The decay time of the signal at 525 nm ͑1.7 ps͒ is shorter than at 535 nm ͑2.6 ps͒ because the dephasing time is shorter for a small dot size. 8 This effect is caused by the increasing coupling strength between the exciton and the acoustic phonons in small dots.
When two optical transitions closely spaced in energy are excited with a short laser pulse, a coherent superposition of levels is created, and a quantum beat signal is observed. 1, 14, 15 The beat period is given by T 0 ϭh/⌬E, where ⌬E is the difference in energy of the two transitions. The observed beat period corresponds to the difference in transition energy ͓deduced by fitting Eq. ͑2͒: 12.5 meV for 525 nm and 13.3 meV for 535 nm͔ which is comparable to the exciton binding energy of the quantum dots. 16 The oscillation of the PE signal indicates a coexistence of free carriers and excitons in QDs at this temperature. The homogeneous linewidth determined from the inverse value of the dephasing time, ⌫ h ϭh/T 2 , 3,17 is ⌫ h ϭ0.8-1.2 meV, which is much smaller ͑by two orders of magnitude͒ than the FWHM observed in the PL measurements.
In conclusion, we have used photon echo and population grating techniques to study the relaxation and dephasing in CdTe quantum dot samples at various wavelengths in the spectrum, and values for the homogeneous width (⌫ h ϭ0.8-1.2 meV͒ and exciton binding energy ͑ϳ13 meV͒ have been deduced. We observe a small difference in the dephasing times at detection wavelengths of 525 nm and 535 nm because of the difference in dot size, which changes the coupling between the exciton and the acoustic phonons. The migration and tunneling of photon-excited carriers to neighboring quantum dots can be investigated by measuring the lifetime of the population grating. For the case of large quantum dots at room temperature, in which thermal ionization following nonradiative decay is weak, the lifetime ͑Ͼ100 ps͒ is determined by radiative recombination. FIG. 3 . Peak intensity of stimulated photon echo signals against population time at different detection wavelengths for sample s3. The points are the experimental data and the solid line is a fit using Eq. ͑2͒.
